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Abstract 26 
 27 
The enemy release hypothesis (ERH) predicts that native herbivores will either prefer 28 
or cause more damage to native than introduced plant species. We tested this using 29 
preference and performance experiments in the laboratory and surveys of leaf 30 
damage caused by the magpie moth Nyctemera amica on a co-occuring native and 31 
introduced species of fireweed (Senecio) in eastern Australia.  In the laboratory, 32 
ovipositing females and feeding larvae preferred the native S. pinnatifolius over the 33 
introduced S. madagascariensis.  Larvae performed equally well on foliage of S. 34 
pinnatifolius and S. madagascariensis:  pupal weights did not differ between insects 35 
reared on the two species, but growth rates were significantly faster on S. 36 
pinnatifolius. In the field, foliage damage was significantly greater on native S. 37 
pinnatifolius than introduced S. madagascariensis.  These results support the enemy 38 
release hypothesis and suggest that the failure of native consumers to switch to 39 
introduced species contributes to their invasive success. Both plant species 40 
experienced reduced, rather than increased, levels of herbivory when growing in 41 
mixed populations, as opposed to pure stands in the field, thus there was no 42 
evidence that apparent competition occurred. 43 
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Introduction 52 
 53 
The enemy release hypothesis (ERH) (Darwin 1859, Elton 1958, Keane & 54 
Crawley 2002) posits that introduced plant species benefit in their area of introduction 55 
because they have escaped from their natural enemies. This hypothesis is based on 56 
the assumptions that: (1) natural enemies regulate plant populations, (2) enemies 57 
prefer native over introduced species; and (3) plants introduced to a new area benefit 58 
from reduced attack by enemies (Keane & Crawley 2002). Empirical support for the 59 
ERH is equivocal; some native herbivores prefer or have a greater negative impact 60 
on native than co-occurring introduced plant species (Olckers & Hulley 1991; 61 
Schierenbeck et al. 1994; Keane & Crawley 2002; Lankau et al. 2004), others show 62 
no preference (Frenzel & Brandl 2003; Tamayo et al. 2004) or a preference for 63 
introduced plants over co-occurring natives (Agrawal & Kotanen 2003; Parker & Hay 64 
2005; Parker et al. 2006).   65 
Even when herbivores prefer a particular plant species, neighbouring species 66 
might also be impacted by herbivory as a result of apparent competition (Noonburg & 67 
Byers 2005). Apparent competition occurs when a herbivore becomes more 68 
numerous or more efficient at consuming one species in the presence of another 69 
(Holt 1977).   The altered spatial or temporal patterns of resource availability 70 
provided by one plant species can result in altered abundance or behaviour of 71 
herbivores, consequently having a greater negative impact on a second plant species 72 
(Holt 1977). Apparent competition has been documented between sympatric native 73 
species (Hämback & Ekerholm 1997; Rand 2003) but is less commonly reported 74 
between introduced and native species (White et al. 2006). Such an interaction could 75 
potentially have an adverse effect on either an invader or a co-occurring native 76 
species, depending on the population dynamics of the plant and herbivore 77 
population. 78 
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Host plant switches and range expansions by specialist herbivores are more 79 
likely to occur when the native and introduced host plants are closely related (Connor 80 
et al. 1980). Senecio madagascariensis Poir. (fireweed), an introduced Asteraceae, 81 
is closely related to a group of native subspecies belonging to the S. pinnatifolius 82 
Rich. complex. Senecio madagascariensis, an annual or short-lived perennial from 83 
South Africa was first recorded in Australia in 1918 (Radford et al. 1995) and has 84 
since invaded large areas of arable land and grassland in eastern Australia (Radford 85 
& Cousens 2000). Senecio pinnatifolius is an herbaceous perennial (Ali 1966), 86 
generally found in smaller, more scattered populations than the introduced S. 87 
madagascariensis (Radford & Cousens 2000). Populations of the two species are 88 
often found close together or intermixed, with S. pinnatifolius growing along the 89 
borders of disturbed areas or pasture occupied by S. madagascariensis (Radford 90 
1997).  91 
The two species share a number of insect herbivores, one of the most common 92 
folivores being the magpie moth, Nyctemera amica (Holtkamp & Hosking 1993), a 93 
pyrrolizidine alkaloid specialist that is restricted to Senecio species (Common 1993). 94 
Female N. amica, oviposit on Senecio leaves, which provide a food source for the 95 
developing larvae (Singh & Mabbett 1976). The close relatedness of the introduced 96 
and native Senecio species and the overlapping geographic range of the two species 97 
make this an ideal system in which to study herbivore preference and apparent 98 
competition between a native and an invasive species. 99 
We test one of the assumptions underpinning the ERH: that native herbivores 100 
exhibit a preference for native plant species over an introduced species. We aim to 101 
determine whether (a) N. amica larvae and adults prefer native Senecio pinnatifolius, 102 
and if so, whether this is reflected in (b) greater larval growth and survival and (c) 103 
higher damage levels in the field. Furthermore, this study aims to determine whether 104 
either Senecio species experiences altered damage levels due to herbivory as a 105 
result of growing in mixed populations with the other species. 106 
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 107 
Materials and Methods 108 
 109 
Adult Nyctemera amica were collected in Lamington National Park (28o08′S, 110 
153o06′E), as well as suburban areas of South East Queensland. The majority of the 111 
adult females had already mated and laid eggs without further access to a male 112 
moth. Eggs are laid in batches of between 2-50 eggs. Larvae from these egg batches 113 
were used in three laboratory experiments, whose methods are subsequently 114 
described. Adults were sexed by their antennal morphology, with males having more 115 
distinctly plumose antennae than females. Fresh stems of S. pinnatifolius ssp. 116 
lanceolatus and S. madagascariensis were collected regularly from Binna Burra 117 
(within Lamington National Park) and Hampton (27o15′S, 152o04′E). Branches were 118 
stored in a cool room at approximately 6oC until use. In areas where S. pinnatifolius 119 
and S. madagascariensis co-occur, plants were identified by leaf morphology and 120 
bract number. Senecio pinnatifolius has 12-20 bracts compared to S. 121 
madagascariensis’ 19-21 bracts (Radford 1997; Radford & Cousens 2000). Leaves 122 
of S. pinnatifolius tend to be serrated and larger than those of S. madagascariensis, 123 
whilst S. madagascariensis usually has entire leaf margins. Molecular studies have 124 
confirmed the accuracy of plant identification in the field based on these 125 
morphological attributes (White 2007). 126 
 127 
Larval Feeding and Survival  128 
Neonate larvae (< 24 hrs old) were placed individually into plastic Petri dishes (85mm 129 
diameter). Approximately half of the larvae (n = 37) were reared on S. pinnatifolius 130 
leaves, whilst the remainder (n = 30) were offered S. madagascariensis: each larva 131 
was offered the same wet weight of leaf material throughout its life. The weight of 132 
leaves offered to larvae was doubled each week after their hatching date, with the 133 
weight of leaf first offered to neonates being 0.2g/larva.  Leaf material was 134 
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replenished daily and available leaf material was always in excess of daily 135 
consumption. Larvae were kept in a controlled environment of 25 ±1oC and L12:D12. 136 
Pupal weight was recorded 48 h after pupation and the number of days from hatching 137 
till pupation began was also recorded.  Pupal weight and number of days till pupation 138 
of larvae reared on each species were compared using one-way ANOVA. The 139 
numbers of surviving larvae were compared using a chi-square test for association. 140 
Larvae which did not survive through to pupation were excluded from these analyses.  141 
 142 
Larval Preference  143 
To determine the feeding preference of larvae throughout their life, choice tests were 144 
conducted in the laboratory. Between five and 10 newly hatched neonate larvae were 145 
placed in round plastic containers (approx. 113 cm2) with an equal weight of leaves of 146 
both S. pinnatifolius and S. madagascariensis. The weight of leaves provided for 147 
larvae varied with each instar, however, there was always excess of each plant 148 
species to ensure apparent preference did not change due to the lack of a particular 149 
species. The number of larvae feeding on each species was recorded hourly for six 150 
hours, for one day in each larval instar. Larvae not on either plant species at the time 151 
of observation were excluded from the analysis. Independent cohorts of larvae were 152 
used for each instar so that learnt preference or avoidance did not confound results. 153 
The mean proportion of larvae feeding on each species across all instars was 154 
analysed using a one-sample t-test, comparing the proportion to a test value of 50 155 
(which assumes an equal preference for each plant species). A one-way ANOVA on 156 
each host species was used to determine whether larval preference changed across 157 
instars. 158 
 159 
Oviposition Preference  160 
To determine oviposition preference of N. amica, mated adult females were placed in 161 
groups of three into 30 cm x 30 cm x 30 cm mesh cages. Three moths were used to 162 
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ensure that sufficient eggs were produced for each replicate. The moths were offered 163 
similar sized (assessed by visual observation of total leaf area and height), non-164 
flowering branches of both plant species, as well as a sugar-water source for feeding. 165 
Branches were approximately 20 cm long and all bore young leaves. The branches 166 
were placed in water and positioned at opposite sides of the cage with the sugar-167 
water in the middle. After a 48 h period, the total number of eggs on each plant 168 
species was recorded. The trial was replicated 16 times, with fresh branches used for 169 
each replicate. Due to high variance in the total number of eggs laid between 170 
replicates, data were analysed as the proportion of eggs laid (per replicate) on each 171 
host plant. A significant preference for either plant species was judged according to 172 
the highest proportion of eggs laid on a particular species, as analysed by a t-test 173 
performed on arcsine-transformed data.   174 
 175 
Foliage damage  176 
Leaf damage was assessed in pure and mixed stands of the Senecio species.  Three 177 
pure stands of S. pinnatifolius, isolated from S. madagascariensis, were located near 178 
Swanfels (28o 07’S, 152o 23’E and 28o 08’S, 152o 23’E, respectively) and Hampton 179 
(27o 22’S, 152o10’E).  Three pure stands of S. madagascariensis were located near 180 
Springbrook National Park (28o11’S, 153o16’E), Mt Tamborine (27o 58’S, 153o12’E) 181 
and Beechmont (28o 07’S, 153o10’E). Three mixed stands were located just west of 182 
Queen Mary Falls (28o 20’S, 152o 21’E), near Killarney (28o18’S, 152o 21’E) and on 183 
private land neighbouring the O’Reilly’s section of Lamington National Park (28o13’S, 184 
153o 07’E). Senecio pinnatifolius tends to grow along the edge of open areas, 185 
bordering on forest, whilst S. madagascariensis grows throughout the entire open 186 
area (including along the edge). There is therefore considerable mixing of the two 187 
species at the interface (and some degree of mixing throughout). 188 
All sites occur within an approximately 120 km length of the “Border Ranges”, a 189 
group of linked mountain ranges running along the eastern portion of the 190 
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Queensland/New South Wales state border.  All sites, regardless of location, 191 
occurred within a similar altitudinal range (between 550 m and 700 m ASL), had 192 
similar types of neighbouring vegetation (pasture and moist eucalypt forest or 193 
rainforest), and were surveyed between 25 March and 3 May 2003 when both 194 
species were flowering.   195 
At each site 30 haphazardly selected mature plants were selected to conduct 196 
foliage damage assessments. In sites that contained both species, 30 plants of each 197 
species were used. For ten random stems on each plant we determined the 198 
proportion of damaged leaves per plant by examining the 20 newest leaves and 199 
recording whether or not each leaf had signs of damage consistent with lepidopteran 200 
larval feeding.  In 18 months of regular field sampling, Nyctemera amica was the only 201 
folivore regularly collected causing gross leaf damage to Senecio in the study area 202 
(White 2007).  Because N. amica populations are patchy in time and space, 203 
accumulated leaf damage is a more consistent measure of herbivore activity and, 204 
because other folivores are rare or absent (White 2007), leaf damage can be 205 
attributed to N. amica with a high level of confidence.  The proportion of leaves 206 
damaged per plant was arcsine-transformed before analysis, using a two-way 207 
ANOVA with factors being species and population type (mixed or pure) and the 208 
replicates being site.  209 
Simple linear regression analyses were used to determine whether a 210 
relationship existed between plant height (data were log-transformed) and percent 211 
damage (data were arcsine-transformed) for either species. 212 
Plant Characteristics 213 
Plant density and height of S. pinnatifolius and S. madagascariensis were 214 
determined by the Point Centred Quarter method (Krebs 1989), using 30 random 215 
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plants of each species at each site as ‘centre points’. Height of each of these plants 216 
was also measured. 217 
All statistical analyses were conducted in SPSS 12.0.1 with the exception of chi-218 
square analyses, which were performed using Microsoft Excel 2003. Data are 219 
presented as mean + 1 standard error. 220 
 221 
Results  222 
 223 
Larval feeding and survival 224 
Survival rates of larvae reared individually were greater than 83% and did not differ 225 
significantly between Senecio species (2  = 0.13, df = 1, P =0.71). Similarly, mean 226 
pupal weight did not differ between individuals reared on S. pinnatifolius (0.23 ± 0.01 227 
g) and S. madagascariensis (0.22 ± 0.01 g) (F1,45 = 1.54, P = 0.22).  However, larval 228 
host plant did affect the time taken to reach pupation.  Larvae on S. pinnatifolius 229 
reached pupation on average three days sooner (X¯ = 19.05 + 0.15 days) than larvae 230 
on S. madagascariensis (X¯ = 22.10 + 0.20 days) (F1,45 = 58.71, P<0.001).   231 
 232 
Larval preference  233 
Magpie moth larvae strongly preferred S. pinnatifolius.  Four-hundred and sixteen 234 
larvae were observed over five larval instars. Overall, larvae demonstrated an 235 
obvious preference for S. pinnatifolius (t = 5.92, d.f. = 72, P< 0.001) (Fig. 1). The 236 
proportional preference for S. pinnatifolius and S. madagascariensis did not change 237 
across instars (F4,411 = 1.33, d.f. = 4, P = 0.27).   238 
 239 
Oviposition preference 240 
In choice experiments, 1530 eggs were oviposited by adult females on the trial 241 
branches offered. Approximately seven times more eggs were laid on S. pinnatifolius 242 
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(X¯ = 0.80 + 0.05 of all eggs laid) than S. madagascariensis (X¯ = 0.17 + 0.04) (t = 7.72, 243 
d.f. = 28, P<0.001).  244 
 245 
Foliage damage 246 
A two-way ANOVA found a main effect of species (F1, 8 = 8.30; P=0.02), with S. 247 
pinnatifolius recording significantly higher levels of leaf damage than S. 248 
madagascariensis. There was no effect of population type (pure or mixed) (F1, 8 = 249 
1.74; P=0.224) indicating that no greater or lesser damage occurred in mixed versus 250 
pure populations (Fig. 2). No significant interaction existed between population type 251 
and species (F1, 8 = 0.17; P=0.694).  252 
There was a very weak but significant positive relationship between damage 253 
levels and plant height for both S. pinnatifolius (r2= 0.07; F1, 139=11.04; P=0.001) and 254 
S. madagascariensis (r2= 0.06; F1, 135=9.02; P=0.003). 255 
 256 
Plant characteristics 257 
Plant density did not differ significantly in any population type (F3, 8=3.38; P=0.074), 258 
although S. pinnatifolius density in mixed stands was substantially lower than other 259 
sites (Table 2) and S. pinnatifolius plants were taller than S. madagascariensis plants 260 
in both mixed and pure populations (F3, 8 = 48.53; P<0.001) (Table 1).  261 
 262 
Discussion 263 
The ERH predicts that native herbivores will exhibit a preference for and/or cause 264 
greater damage to native, compared to introduced plant species. Our results support 265 
this prediction: in the laboratory, both ovipositing adult females and feeding larvae of 266 
the native magpie moth, N. amica, preferred the native S. pinnatifolius over the 267 
introduced S. madagascariensis. Field surveys reflected this preference, with S. 268 
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pinnatifolius experiencing significantly higher leaf damage levels associated with N. 269 
amica larval feeding. These findings contrast with those of Parker and Hay (2005) 270 
and Parker et al. (2006), who demonstrated that native plants are better adapted 271 
than introduced plants at repelling generalist herbivores. The ERH is probably more 272 
applicable for specialists like N. amica, than for generalist herbivores (Parker et al. 273 
2006).  274 
Host preference by ovipositing moths can be influenced by plant characteristics 275 
such as height (Nowicki et al. 2005) and stem density (Badenes-Perez et al. 2005). 276 
However given that preference for S. pinnatifolius was evident in laboratory studies 277 
which controlled for these factors, as well as in the field, it is likely that N. amica 278 
preference is determined by other plant characteristics. Host preference is believed 279 
to represent the suitability of hosts for larval survival (Singer 1983, Courtney et al. 280 
1989). Our results suggest that the native Senecio is a more suitable host for magpie 281 
moth larvae than the closely related introduced S. madagascariensis. Although 282 
larvae exhibited similar survival rates and similar mean pupal weight when reared on 283 
the two Senecio species, growth rates were slower, with pupation being reached later 284 
by individuals reared on S. madagascariensis. Retarded development times in 285 
Lepidoptera larvae can be associated with increased risk of mortality due to 286 
parasitism (Benrey & Denno 1997), as well as reduced size (Leather et al. 1998) and 287 
fecundity (Elkington & Liebhold 1990) in adults.  288 
Slower growth rates of larvae reared on the introduced Senecio might be due to 289 
the lower foliar nutrient concentrations of this species (Sims 2004), as low nutrient 290 
levels (in particular N) have been linked to poor larval growth in other Lepidoptera 291 
species (Rausher 1981). Ovipositing female Lepidoptera have also been shown to 292 
demonstrate a preference for plants that are higher in nitrogen (Mattson 1980; Chen 293 
et al. 2004), and plants that are higher in nitrogen may experience higher rates of 294 
folivory by insects (Xiang & Chen 2004). These factors might explain the female 295 
preference for S. pinnatifolius and the higher levels of folivory of this species in the 296 
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field.  The profiles of the most common secondary chemicals found in Senecio 297 
species, the pyrrolizidine alkaloids (Rothschild et al. 1979), also vary between the 298 
two Senecio species (Sims 2004), and are known to play a role in host plant 299 
selection and larval development (Lill & Marquis 2001).  300 
Competitive interactions between introduced and native plant species have 301 
been reported to be altered by the impacts of selective herbivory (Brown 1994; 302 
Schierenbeck et al. 1994; Edwards et al. 2000; Scherber et al. 2003). For instance, 303 
Scherber et al. (2003) investigated the effects of herbivory and competition on 304 
growth, survival and reproduction of Senecio inaquidens, an introduced plant in 305 
Europe, and concluded that populations of this invader gain a competitive advantage 306 
over native species due to selective herbivory of the surrounding native vegetation by 307 
vertebrates.  Further research is necessary to determine whether selective herbivory 308 
of S. pinnatifolius has an impact on its competitive interactions with S. 309 
madagascariensis, as knowledge of a plant’s resource acquisition and allocation is 310 
vital to explaining its response to herbivory (Chapin et al. 1987).  However Louda and 311 
Potvin (1995) predicted that it is species like S. pinnatifolius – i.e. short-lived 312 
perennials with heavy dependence on current seed production for regeneration – 313 
which will be most negatively affected at the population level by damage caused by 314 
specialist herbivores. Although Senecio species are generally not killed by defoliation 315 
(Obeso & Grubb 1994; Vrieling et al. 1996), damage to foliage may result in reduced 316 
seed production (Crawley & Gillman 1989), potentially having population-level 317 
impacts.  318 
Herbivore populations might be expected to be enhanced in areas inhabited by 319 
the attractive native S. pinnatifolius, resulting in increased herbivory on neighbouring 320 
S. madagascariensis.  Apparent competition by such means has been demonstrated 321 
in other species (e.g. Rand 2003). However there was no evidence that this was 322 
occurring in our system, with neither elevated herbivory in mixed stands or interaction 323 
effects between species and stand type. Apparent competition may never occur if 324 
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there is very strong herbivore preference for S. pinnatifolius, providing that abundant 325 
native foliage is available. Since we only sampled at one time of year these results 326 
should be interpreted with caution.  The situation may differ at different times of year 327 
or in a situation in which herbivores are more abundant (or plants more scarce). 328 
Controlled experiments are required to ascertain under what conditions (if any) 329 
apparent competition may occur in this system. 330 
 331 
Conclusions 332 
 333 
This study provides evidence that specialist native herbivores may be better adapted 334 
to utilise native plants than introduced plants even when an introduced species is 335 
taxonomically and ecologically similar to a native. Herbivore preference for native 336 
species could have implications not only for the control of the introduced species, but 337 
also for competitive interactions between the introduced and native plant species. 338 
 339 
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Figure captions 474 
 475 
Fig. 1. Mean (+ 1 SE) proportion of feeding Nyctemera amica larvae on two Senecio 476 
species in five larval instars.  Sample size: Instar 1 = 83; Instar 2 = 118; Instar 3 = 477 
107; Instar 4 = 57; Instar 5 = 51.  478 
 479 
Fig. 2. Mean (+ 1SE) proportion of damaged leaves per plant in each population type 480 
for the two Senecio species (Sp = Senecio pinnatifolius; Sm = Senecio 481 
madagascariensis). 482 
483 
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 Table 1: Vegetation structure of native S. pinnatifolius and introduced S. 497 
madagascariensis populations in pure and mixed stands (mean + se (n = 3)). Letters 498 
in superscript denote groups (within columns) that are not significantly different from 499 
one another (P<0.05). 500 
  Stem 
density/m2 
Height (m) 
Mixed 
stands 
S. pinnatifolius 0.46+0.20a 0.72+0.07 b 
S. madagascariensis 0.11+0.03 a 0.35+0.04 c 
Pure 
stands 
S. pinnatifolius 0.73+0.20 a 1.08+0.04 a 
S. madagascariensis 0.65+0.09 a 0.44+0.03 c 
 501 
